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ABSTRACT

Sign and signal structures involved in vehicular accidents are often partially damaged, and it is
possible to repair them instead of replacing them, even when the extent and severity of the damage
are substantial. The replacement of these poles is costly and involves interruption for pedestrians
and traffic. Therefore, some trials were performed to retrofit these poles in-situ with low cost and
short time. Previous research has substantiated that the damage can decrease the strength of the
these structures with increasing the dent depth and the use of externally-bonded fiber-reinforced
polymer (FRP) composites are beneficial to repair them. The composite systems were comprised
of glass or basalt fibers paired with epoxy or polyurethane matrices. The effectiveness of FRP
in repairing the damaged poles was demonstrated in previous tests on dented poles using 3-point,
4-point, and cantilever bending tests. The repair systems were able to develop the load carrying
capacity of the damaged poles, and their behaviors were controlled by various types of failure
modes like yielding of the metallic substrate, FRP tensile rupture, FRP compressive buckling, and
debonding of FRP from the substrate.
This thesis investigates the resistance of repaired full-scale metallic poles retrieved from the field
for monotonic, cyclic, and impact loading. These poles, which have rounded and multi-sided cross
sections with and without access ports, were dented in the field or dented mechanically in the
laboratory and repaired with the same repair systems mentioned previously. Six of these poles
were mounted horizontally in a cantilever configuration to test them monotonically, while three of
them were tested cyclically. In both tests, the load was applied as a point load at 9 ft from the base
plate. Additionally, two poles were mounted vertically using a cantilever configuration to test them
for impact. This test was performed by hitting the poles using an impact pendulum with a 1100 kg
mass.
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The results of static tests show that the repair systems failed because of the aforementioned failure
modes. However, most of the failure was located outside the dented region, which indicates the
effectiveness of these repair systems in restoring the capacity of the damaged area. During the
fatigue tests, the repair experienced no damage before weld rupture in the original steel tube-base
plate connection. Moreover, the repair systems proved their effectiveness in resisting the impact
load, because they were ruptured at the contact region between the pole and the impactor at the
time the poles were deformed at the free side of the poles, as well as the impact side, during the
test.
In all these tests, the access ports affected the behavior of the repaired poles. Depending on the
geometry of the pole, metal substrate, and dent depth and location, FRP repair system recommendations will be presented.
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CHAPTER 1: INTRODUCTION

1.1

Problem Statement

In the United States, different types of accidents happen each year resulting in many injuries and
fatalities. Those that involve utility poles are the most common type of fatal fixed object accidents
after trees, resulting in 913 deaths according to the 2013 statistics as shown in Figure 1.1 [13].

Figure 1.1: Distribution of fatal fixed object accidents [13].

However, these poles will be partially damaged and can be kept in service as shown in Figure 1.2.
Nevertheless, because of their degradation in serviceability and possibility of corrosion within the
damaged area, it is preferable to replace them. Because of high cost of pole replacement and traffic
disruption, a traditional method of repairing the damaged poles in site was used, like using the
steel jacket around the dented region and filling the space with cement grout. This method has
disadvantages represented by high cost, steel corrosion, and required large equipment resulting in
1

Figure 1.2: Dented pole in the field.

lane closure. The most recent method of rehabilitating these utility poles is using fiber reinforced
polymer (FRP) composites. The effectiveness of this method was proved with poles whose damage
is around (5-50)% in depth of its outer diameter [18]. The benefits of applying externally bonded
FRP systems is represented by low in cost, low in weight, and their applicability around poles with
access ports and pedestrian crosswalk signal buttons [25].

1.2

Research Objective

Previous research supported by the Florida Department of Transportation (FDOT) focused on the
effectiveness of using externally-bonded FRP composites to restore impact-damaged utility poles.
Material-level and component-level investigations were conducted to select the most effective materials considering the challenges of vertical wet lay-up, different substrates that included geometric irregularities and dent damage, and to understand the possible behaviors and failure modes.
It was determined that an externally-bonded FRP repair system could be used to restore metallic
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poles to their original capacity.
The objective of this thesis is to evaluate the effectiveness of the previously selected externallybonded FRP repair system in repairing full-scale metallic poles retrieved from the field. Some of
these repaired poles, whose length was 11 ft including the base plate, were mounted horizontally
through using cantilever configuration to test them monotonically, while others were tested cyclically. Moreover, others were mounted vertically using cantilever configuration to test them for low
velocity impact.
The engagement of the repair systems in strengthening and extending the service life of these
repaired poles will be explored. Based on the behavior of these poles during the tests, recommendations for repaired poles using externally bonded FRP composite systems will be presented.

1.3

Thesis Outline

This thesis is organized into the following parts:
Literature Review: Chapter 2 includes a brief description of externally-bonded FRP composite
systems and their application in civil infrastructure, especially highway sign and signal structures.
Furthermore, the associated failure modes of these strengthened structures will be addressed.
Monotonic Behavior of Cantilevered Sign Structures: Chapter 3 presents two aluminum poles, as
well as four steel poles, which were tested to examine their behavior under static load. Also, the
capacities of these poles with and without the repair systems are computed.
Fatigue Design of Cantilevered Sign Structures : Chapter 4 contains design standards of cantilevered metallic support structures to wind load induced stresses. Experimentally, an investigation of using externally-bonded FRP composite to test the capacity of these repaired structures
3

under fatigue load supported by finite element model (FEM) are included.
Dynamic Evaluation of Repaired Cantilevered Sign Structures: Chapter 5 includes steel poles
repaired with FRP and tested to study their behavior under impact load. Also, it contains an
equivalent spring model and the impact energy before and after the collision.
Conclusion: Chapter 6 includes the final conclusion based on shown results and some recommendations.
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CHAPTER 2: LITERATURE REVIEW

In last few decades, fiber reinforced polymer (FRP) use has been started to repair and strengthen
structural members such as sign and signal structures using externally bonded FRP composites. In
this chapter, some applications of using externally bonded FRP composites to metallic substrate
and their static, fatigue, and dynamic behaviors, as well as the associated failure modes, will be
reviewed.

2.1

Externally-Bonded FRP Composites

One of the repair techniques is adhering the composite to the exterior surface of a structural member using a suitable resin. These composites are made of (30-70)% fibers like carbon, glass, and
basalt, saturated with a matrix like epoxy resin. During the load, the stresses are transferred to the
fibers through the matrix. The installation of FRP composite is classified into two categories which
are wet lay-up process and pre-impregnated process. During the first process, the dry fibers are
saturated with a resin at the installation site and can be applied directly to the structural member
using the adhesive properties of the resin, or applying another adhesive layer. On the other hand,
the second process involves pre-impregnated fibers, which are cut to different length and kept in a
sealed bag until the usage. After their curing , they can be applied to the structural member using
an adhesive. Generally, the method of externally bonded FRP composite provides a lot of advantages like easy and speedy installation in confined spaces, low cost and weight, fiber availability,
and very high tensile strength, which depends on selected materials of the composite.
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2.2

Applications of Externally Bonded FRP Composites in Metallic Structural Members

The applications of using externally-bonded FRP composites to retrofitting metallic members,
such as aluminum and steel members, are comparatively infrequent. Most of the available literature work and guidance are focusing on rehabilitating of flexural members and it was observed
that applying these composites to the tensile face helps to improve the overall capacity [10]. In
strengthening application, the relative stiffness of FRP is predicted to have a similar or higher
stiffness compared to the substrate materials like aluminum. In contrast, the FRP stiffness is less
than that of structural steel. Hence, the strengthening of steel members with FRP composites may
be less mechanically advantageous compared to aluminum. On the other hand, some applications
involving steel structures are mechanically well justified [3].
The utilization of FRP composite in strengthening steel monopoles was investigated by Lanier, et
al. [16]. These monopoles were strengthened longitudinally and transversely using the wet lay up
process and tested using cantilever configuration. It was demonstrated that the flexural strength
and stiffness within the elastic range of the monopoles were improved by using these composites.
Furthermore, the strengthening of these structures in transverse direction might delay the local
buckling.
Aluminum overhead sign structures (OSS) usually fail and collapse because of cracks, which initiate at the welding between diagonal and chord members. These cracks happen due to fatigue
stresses resulting from wind-induced vibration. Pantelides, et al. [21] conducted a study on these
structures by retrofitting them with externally bonded GFRP composite and tested them monotonically. The results were spectacular because the capacity increased 1.17 - 1.25 times the capacity
of the welded aluminum connections without any visible cracks. In 2007, Nadauld et al. [20] implemented his study on the same structures to investigate the effectiveness of rehabilitated OSS
under fatigue stresses. The specimen was tested for four stress ranges, including the constant am6

plitude fatigue limit threshold. It was noticed that the GFRP composite improved the strength and
displacement capacity of these joints, while there was no remarkable change in the stiffness. A
cumulative damage index was established, which led to a fatigue reduction factor for the rehabilitation design of cracked aluminum connections using high strength composites. The agreement
between the two studies’ results showed that the repair technique with these composites is effective
and applicable. Based on the results, a fatigue reduction factor equal to 0.7 is recommended for
aluminum connections rehabilitated with GFRP composites for the category E constant amplitude
fatigue limit.
Frymoyer and Berman [8] conducted their study to evaluate the remaining life for in-service luminaire support structures. The selected structures were previously in service for nearly 25 years, and
the testing was focused on fatigue resistance of complete penetration groove weld (CJP) connected
pole- to- base plate, and stiffened hand hole connection, in addition to anchor bolts. These poles
were tapered with an outer diameter of 9.43 in at the base and thickness of 0.1280 in galvanized
steel with lengths of 89.375 in and 87.375 in, respectively. The reason behind the short length was
to keep the ratio of bending moment to shear force high. Before starting the fatigue test, 5 cycles
of quasi-static loading were applied to test the instrumentation and to select a starting point for the
stress distribution, stiffness, and stress concentration factors. According to AASHTO, the poles
were classified to be in category E for both connected locations. Although the predicted numbers
of cycles to failure were 653,500 and 662,100 for the two poles, no initial cracking was recorded
during the first 1,362,627 and 2,429,211 cycles for each specimen, respectively. The first pole test
was stopped when the number of cycles reached 1,499,587 due to changes in stiffness and cracks
propagated at the upper right corner of the hand hole. The second pole test was terminated at
2,570,302 cycles when cracks occurred in the area of the hand hole. At the pole-to-base plate connection, no cracks were recorded for both poles. It was concluded that the remaining fatigue lives
for those poles were higher than AASHTO specification for new constructions and these pieces
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did not have high accumulated stresses in the field within the past 25 years.
A study was performed by Stam, et al. [28] on assessing the fatigue life of a steel base plate-to-pole
connections for traffic structures. It is indicated that the strength of the connection depends on base
plate thickness, size of drainage holes and wire access, and welding profile. A thicker base plate
produces a stiffer connection for full penetration welding and the local bending close to the weld
toe will be reduced. Also, it was proven that the shape of the base plate and the orientation of the
bolts did have a minor effect on the fatigue performance of the connections for full penetration
welding. Another important point was observed that stress concentration factor will be increased
with an increase of bolt hole size because the stiffness of the base plate, as well as the moment of
inertia, will be reduced. The influence of that will be reduced with base plate thickness increasing.
A study was performed by Sim, et al. [26] on reinforcing a steel pole, which had previously been
tested for fatigue until the initiation of the cracks at the welding area. Figure 2.1 shows the procedure of repairing the pole, which was accomplished by applying 5 and 3 FRP layers oriented longitudinally and transversely, respectively. Additionally, two different types of epoxy resin (Tyfo
MB-3 and Tyfo S) were used to improve the adhesion to the metal and between the sheets and
saturating the fibers, respectively. By using cantilever configuration, the test demonstrated that
applying FRP improved the strength of the pole, because the number of the cycles increased from
40,000 to 120,000 cycles. After taking off the fibers, they found that there was no development in
crack patterns at the welding area.
There does not exist a significant amount of research available in applying FRP on metallic structures and testing them for impact. Guidelines for impact utility poles testing are presented in
National Cooperative Highway Research Program (NCHRP report 350) [24], depending on the
purpose of the test. Particularly, there are two groups, namely low speed test and high-speed test.
Tests are performed at speeds of 35 km/h or lower, which is used to assess the separatism, rapture,
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Figure 2.1: Top view of the repaired section [26].

or yield mechanism of the support. Tests are performed at speeds of 100 km/h or higher and used
to evaluate vehicle and test article trajectory. Based on these groups, the type of the surrogate test
vehicle, or device will be selected. To date, the evaluation of breakaway supports for luminaires
and signs are being accomplished using a four-wheeled bogie, which is used as a surrogate for a
small car, and has been used for both low- and high-speed tests, and a pendulum, which is used as
a surrogate for a small car for low-speed tests.
In 2002, Foedinger, et al. [7] conducted his study on energy absorbing composite utility poles to
assess their safety performance. The test was done at the Southwest Research Institute (SRI) test
facility located at Brooks Air Force Base in San Antonio, Texas. Two full- scale poles were tested
9

according to NCHRP -350 criteria, so an 820 kg Geo Metro was used to impact the two poles
with two different velocities 50 km/hr and 70 km/hr. at 15 degrees from the normal direction of
traffic. Accordingly, the low-speed test led to obvious fracture initiation of the composite material
along the corners, while the high-speed test led to propagate the fractures until the vehicle stopped.
Moreover, there was no falling down for the poles and the safety was approved because there was
no damage for the windshield and no occupant compartment intrusion. However, extensive damage
to the front bumper and hood continued before starting to crush the pole and propagate fractures
along the corners. In this way, the test results proved the effectiveness of these poles in absorbing
vehicle impact energy, and they were acceptable according to NCHRP-350.
A study was performed by Rosenbaugh et al. [23] in New York City on an aluminum pedestrian
pole length of a 10 ft to evaluate the safety performance of the New York State Department of
Transportation (NYSDOT) aluminum pedestrian signal poles without a frangible transformer base
to reduce installation time and money. The impactor was a pendulum, whose weight was 1898
lb, that consisted of a crushable nose and aluminum honeycomb material. That pole was attached
to a rigid foundation consisting of a steel W18x119 and two adapter plates. The pendulum was
centered to impact the pole at a height of 17.5 in from the base plate. After performing the test,
the pedestrian signal pole was fractured into four pieces and some cracks propagated, but the pole
remained attached to the rigid foundation. The pole was disconnected from the base plate and
broken into two pieces, which were rested at different distances from the original location. Based
on the results, some modifications were adopted to improve the performance of these poles.

2.3

Failure Modes in Externally Bonded FRP Composite Bonded Metallic Systems

Understanding the behavior of FRP composites bonded to metallic substrate is a point of interest
for many people because the repair of these structures has been commenced, lately. In 2007, Zhao
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Figure 2.2: Schematic of FRP-steel failure modes [30].

and Zhang [30] published a state of the art review, which included a description of the various
failure modes that are related to steel strengthening FRP. These modes, which were described
graphically, are shown in Figure 2.2. A study was conducted by Slade [27] to study the failure
mechanism of externally bonded FRP to metallic utility poles. These specimens were in use in
the field and some of them dented in the laboratory, using hydraulic systems to represent the
damage of vehicle crashes. The damaged poles were retrofitted with different numbers of layers
of carbon and/or glass fibers. The repaired poles were tested until failure using 3-point, 4-point,
and cantilever configurations. They found that the failure of the specimens was related to substrate
material capacity, if sufficient amount of FRP was applied. On the contrary, FRP compressional
buckling, as well as substrate failure within the strengthened region, were observed in the case of
insufficient amount of FRP.
The effect of the damage of the crashes on sign and signal structures was explored by Johnson [14].
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It was found that the capacity of the dented structures decreased with the dent depth increased.
These structures were repaired with a single layer of glass fibers with epoxy resin or polyurethane
matrix (G-epoxy, G-PU), and basalt fibers with polyurethane (B-PU) systems. To adhere these
systems to the metal, an applicable adhesive material was used, and used in conjunction with a dent
filler gel. It was shown that the repair systems were failed because of FRP debonding, compressive
buckling of FRP, and substrate yielding. In both mentioned studies, the transverse fibers were
active in improving the load transfer in the poles, and helped in stopping FRP compressional
buckling failure by preventing out of plane motion.
The most recent study, which is implemented on dented metallic utility poles, was done by Mackie,
et al. [19]. In this study, aluminum and steel poles were repaired with FRP and tested them for
monotonic, fatigue, and impact. These tests were performed at the structural lab in Tallahassee,
FL. The results of monotonic test for aluminum poles showed that these poles failed by brittle
failure , which occurred within the pole base plate. On the other hand, the repair systems had little
or no debonding. The wrap systems for steel poles were failed within the same aforementioned
failure modes, in addition to steel failure by yielding. More details about these tests will be in next
chapters.
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CHAPTER 3: MONOTONIC BEHAVIOR OF CANTILEVERED SIGN
STRUCTURES

In this study, dented metallic utility poles are repaired with four different types of externallybonded FRP composite systems. The composite repair system consists of the following three
parts: fibers, matrix, and filler material. The material selection process was performed in previous
work by Slade [27] and Johnson [14], based on a series of material-level and component-level
tests. During the process of selecting the materials, material properties for the substrates and the
composite systems were taken into consideration. Based on that, high density and bi-directional
glass and basalt fibers were chosen. Two matrix systems were selected, an epoxy resin and a
polyurethane resin, to provide the convenience in FRP composite application and quickness in
processing with a minimum rate of sagging. Additionally, a filler material was selected to fill the
dent before applying the FRP. The monotonic test was implemented at the Structural Research
Center in Tallahassee, FL. A group of the dented repaired structures were tested to determine their
static behavior, experimentally. Six of these structures will be discussed in the following sections,
and the rest of this group can be found in [19].

3.1

Test Configuration

The test included 11 ft long steel and aluminum poles, which have rounded or multi-sided cross
sections. The poles were dented to different depths mechanically (in the laboratory), using an Enerpac 120 kip hydraulic actuator, or dented in the field through involvement in accidents. These poles
were repaired with the aforementioned repair systems, as shown in the following table Table 3.1:
The test was performed using a horizontal cantilever configuration, as shown in Figure 3.1. Some
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Table 3.1: Poles’ Detials.

Pole-ID Dent Depth
(%)
Al-1c
18
Al-3c
30
ST-6
19
ST-12
25
FD-1
24
FD-2
7

Access Port
No
Yes
Yes
No
Yes
Yes

Wrap System
Fiber Matrix
Glass Epoxy
Basalt
PU
Glass
PU
Basalt
PU
Glass
PU
Basalt Epoxy

poles were attached to the buttress directly because they had a small base plate, which can be
fit easily in the existing bolt pattern in the anchored plate to the buttress. On the other hand,
the poles with a large base plate were attached to the buttress through 1.0 in thick plate using a
partial penetration groove welding (PJP), and the plate was connected to the buttress using six 1
in diameter bolts. The pole was attached in a way to keep the dent side on the compressive face,
because it represents the worst-case scenario of loading on the repair system.
The deflection of the pole during the test was monitored using six displacement gauges placed
beneath the pole at 5.25 in, 23.25 in, 41.25 in, 59.5 in, 91.25 in, and 125.875 in from the base plate.
In addition, several strain gauges were installed on the pole body to monitor the pole behavior and
the repair system, as well. The pole was loaded vertically, using an actuator of capacity 800 kips
at 9 ft from the base plate. The test was performed under load control at a rate of 100 lb/s.
Two aluminum poles (Al-1c, and Al-3c), which were dented mechanically, were rounded in shape
and tapered. These poles are shown in Figure 3.2. Al-1c had no access port and its dent was 18%
of its undented diameter at the location of the dent. On the other hand, Al-3c had an access port
and deeper dent (23% of its undented diameter).
Additionally, two steel poles (ST-6 and ST-12), which were dented mechanically, are shown in
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Figure 3.1: Test configuration.

Figure 3.3. These poles were tapered and had octadecagonal and rounded cross sections with and
without access ports, respectively. These poles are shown in Figure 3.3.
Furthermore, two steel poles were dented in the field because they were a part in the accidents.
These poles, which were denoted by FD, are presented in Figure 3.4. These poles were tapered
and had an access port.
The damage of FD-1 was located on the access port and was 24% of its undented diameter, as
shown in Figure 3.5. On the other hand, FD-2 had a puncture near the base plate, as shown in
Figure 3.6. FD-2 had multiple dents and the deepest dent was 7% of its undented diameter.
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Figure 3.2: Aluminum specimens (mechanical dent).

3.2

Results

In this section, the results and the associated failure modes will be discussed for each of aforementioned poles, individually.
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Figure 3.3: Steel specimens (mechanical dent).

3.2.1

3.2.1.1

Aluminum Poles

Al-1c

The pole was loaded to 2.58 kips and failed because of breaking the base plate close to the bolt
holes, as shown in Figure 3.7. The test data are shown in Figure 3.8.
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Figure 3.4: Steel specimens (field dent).

The behavior of the FRP and the substrate was the same at the top of the pole, except section
AA’, which failed because of the debonding, resulting from the test. The reason behind that is the
extension of the FRP over the sleeve, which is connecting the pole body with the pole base plate,
as shown in Figure 3.7b. Additionally, the aluminum reading for section AA’ shows some yielding
at that location, as shown in Figure 3.8b. At the compressive face, the trends of repaired system
18

Figure 3.5: FD-1 dent location.

and the aluminum was the same except at section AA’, which had debonding failure, resulting
from the installation process because the FRP extended over the sleeve, and its effect is appeared
in the test data, as shown in Figure 3.8c. The difference between the behaviors of the tensile and
compressive fibers is that the tensile FRP had higher strain rather than in the compressive face,
which explains the effect of the debonding at the compressive face, as well as the shifting of the
neutral axis because of the dent.

3.2.1.2

Al-3c

This pole was loaded to 2.021 kips. The behavior of this pole was similar to Al-1c, which failed
by breaking of the base plate near the top and bottom bolt holes, as shown in Figure 3.9a.
The test results are presented in Figure 3.10. According to the displacement gauges, there was
some movement of the pole initiated around 0.8 kips, as shown in Figure 3.10a. At the tensile face
of section AA’, the behavior of the repair system and the aluminum was almost identical, as shown
19

Figure 3.6: FD-2 puncture location.

in Figure 3.10b. On the other hand, the behavior of FRP was different from the aluminum at the
compressive face of section AA’, which explains the debonding, commencing at the beginning of
the load, as shown in Figure 3.10c. Furthermore, at section BB’, the behavior of the repair system
started linear and then began having a curvy behavior before the unloading process, which explains
the movement of the strain gauge at that location. At the transverse side of the pole, there was a
change in the behavior of the aluminum between section AA’ and section BB’ , where section AA’
had higher strain because of its location close to the base plate, which had the highest stress, as
shown in Figure 3.10d. Based on the failure of the pole base that stopped the test, the capacity of
the wrap system was not reached, although it helped to improve the overall theoretical capacity, as
it will be discussed lately in Section §3.3.
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(a)

(b)

Figure 3.7: Al-1c failure modes (test pictures).

3.2.2

3.2.2.1

Steel Poles (Mechanical Dent)

ST-6

This pole was loaded until failure, when the load was 24.3 kips. The test results and failure modes
are shown in Figure 3.12 and Figure 3.11, respectively. The repair system failed because of the
debonding, rupturing, and buckling failure. Additionally, the metal substrate was yielded. The
existence of the large access port led to some weakness in the distribution of the transverse FRP.
Around 13.3 kips, the buckling and rupturing failure commenced. As a result, the repair system
was affected in tensile, compressive, and transverse sides, in addition to the displacement of the
repaired pole, which appears, like a bump. Furthermore, the repair system started debonding in
the compressive face at the same time at section AA’ and CC’, as shown in Figure 3.11a. At the
compressive face, the steel yielded at section AA’, when the load was around 17.6 kips, as shown in
Figure 3.12c. Generally, the repair system did not fully achieve the purpose of the design because
it started failing early.
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(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.8: Al-1c test data.

3.2.2.2

ST-12

According to the most recent study on these structures [19], ST-12 was repaired with two layers
of the repair system because its dent depth was 25 % of its undented diameter and loaded to 23.31
kips. The test results are presented in Figure 3.14. Around 2.7 kips, a defect started in the setup
22

(a)
(b)

Figure 3.9: Al-3c failure mode (test pictures).

system and its effect is clear in the displacement, and small effect in the compressive and tensile
strain for section AA’, in addition to the transverse strain for the whole system. The pole failed
due to some yielding at the tensile face and cross-sectional expansion, which occurred around 22.9
kips, as shown in Figure 3.13. The effect of the expansion is shown as a drop in the loading, as
illustrated from the test data. Also, FRP delamination can be seen at the tensile face of section
BB’, which started around 16 kips, as shown in Figure 3.14b. At the compressive side of section
CC’, the highest strain was located because of FRP debonding, as shown in Figure 3.14c. Because
the failure was more related to the substrate metal, the FRP repair system was an effective wrap
design.
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(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.10: Al-3c test data.

3.2.3

3.2.3.1

Steel Poles (Field Dent)

FD-1

Because of the dent location, as shown in Figure 3.5, the pole was repaired by filling the dent
and wrapping it with the aforementioned repair system. The pole was loaded to 29.96 kips. The
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(a)

(b)

(c)

Figure 3.11: ST-6 failure modes (test picture).

test data are presented in Figure 3.16. At section AA’ of the tensile face, the FRP debonded
around 7.3 kips, as shown in Figures 3.15 and 3.16b, while the steel yielded at the same location
but in the compressional face at load 28.6 kips, as shown in Figure 3.16c. At section CC’ and
around 23.3 kips, the steel yielded at the compressional face. At section DD’, the steel yield at the
compressional face around 26.5 kips. Furthermore, the steel deformed locally at load 10.3 kips at
section DD’ of the transverse face, as shown in Figure 3.16d. Also, the repair system had some
debonding, resulting from the overlap, as shown in Figure 3.15.
In spite of the pole dent depth, location, and dent method, the repair system was very effective
in repairing it because it carried high load and yielded at different locations rather than the dent
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(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.12: ST-6 test data.

location itself.
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Figure 3.13: ST-12 failure mode.

3.2.3.2

FD-2

This pole had a large access port, two very small dents, and a puncture near the base plate. The
failure mode and the test results are presented in Figures 3.17 and 3.18. The FRP was portioned
to several pieces because of the existence of the access port, leading to fail it with debonding,
buckling, and rupturing. The effect of the debonding in section BB’ is shown in Figure 3.18c.
Furthermore, the steel yielded at the compressive face of section AA’ before the test was stopped
gathered with the FRP debonding. On the contrary, the steel had very high strain at the same
section in the tensional face, as as shown in Figure 3.18b. The steel yielded at section BB’ in the
transverse direction, as shown in Figure 3.18d. At section CC’, the steel and the repair system
had the similar behavior without any type of failure. Around 7.4 kips and starting at 23.25 in (the
location of the second displacement gauge, and close to the center of the access port), an issue
happened, which might be explained as the effect of the torsion because it was affecting all the
displacement gauges, except the first displacement gauge, which was located at 5.25 in from the
base plate (before the access port). Additionally, that issue was affecting the tensile strain gauges,
the compressive side of section BB’, and the FRP transverse gauges for sections AA’ and CC’. It
can be inferred that wrap system was not that effective because the load, which was carried by this
27

(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.14: ST-12 test data.

pole, was relatively small if it is compared to the other steel poles.
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Figure 3.15: FD-1 failure (test picture).

3.3

Results Summary

After the presentation of the results, the failure modes can be summarized in Table 3.2. It can be
seen that although ST-6 and FD-2 had different dent depth and wrap system, they failed in the same
way. During the test, the poles were mounted in a way to make the dent location, representing the
compressive face of the poles. Based on that, the access ports, which had large lips, were placed
at an angle. In this way, they helped to fail the repair systems. The failure mode of FD-1 ensures
the effect of the shape and size of the access port. Also, the substrate properties were affecting the
behavior of the wrapped poles. The aluminum poles, which were different in the dent depth, wrap
system, and pole geometry, failed within the same failure mode because the repair systems were
stronger than them.
To estimate the theoretical capacity for these repaired poles, the equivalent cross section is used.
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(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.16: FD-1 test data.

Considering the simple cantilever conditions, the maximum moment of the tested specimens is
p × L, where p is the maximum applied load during the test in kips, and L is the specimen length
and it is considered 9 ft for the undented section, which is a place from the pole that is not dented.
On the other hand, it is the length of the specimen to the center of the dent for the dented section,
which has the dent. To obtain the material properties of these poles, dog-bone coupons were cut
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Figure 3.17: FD-2 failure mode (test picture).

Table 3.2: Monotonic Test Results Summary
Pole-ID
Failure Mode
Al-1c
Break the base plate
Al-3c
Break the base plate
ST-6
Steel yielding, FRP (buckling, rupturing, and debonding)
ST-12 Steel cross-section expansion, steel yielding, and FRP delamination
FD-1
Steel yielding, FRP debonding
FD-2
Steel yielding, FRP (buckling, rupturing, and debonding)
and tested in tension at UCF structural lab. Based on the results and poles’ geometries, which are
shown in Table A.1 in appendix A. The yield moment capacity My of undamaged sections of the
pole can be calculated from Equation (3.1):

My = σy

π(d3o − d3i )
32do

(3.1)

where σy is the yielding stress in ksi, do and di are the outer and inner diameters of the poles
in in. The estimated theoretical design capacity (Md ) of the repaired poles is predicted, using
the equivalent sections [9]. This method is applied for the dented and undented sections. For
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(a) Load vs. displacement.

(b) Load vs. tensile strain.

(c) Load vs. compressive strain.

(d) Load vs. transverse strain.

Figure 3.18: FD-2 test data.

undented sections, equivalent values for the thickness and the diameter for the composite systems
and the metals were found, using Equations (A.4) and (A.5), respectively. On the other hand,
the equivalent modulus of elasticity, the thickness, and the yield stress were found for the dented
section and the filler material, using Equations (A.7), (A.8) and (A.9), respectively. The obtained
values are used to compute the equivalent section. These values are arranged in Tables A.2, A.3
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Table 3.3: Theoretical Moment Capacities of Undented Section
Pole-ID My (kip-ft) Mtest (kip-ft) Md (kip-ft)
Al-1c
18.17
23.256
23.43
Al-3c
16.83
18.189
21.59
ST-6
346.0
218.7
445.74
ST-12
231.12
209.79
298.58
FD-1
168.94
269.64
216.69
FD-2
113.25
108.27
150.29
Table 3.4: Theoretical Moment Capacities of Dented Section
Pole-ID My (kip-ft) Mtest (kip-ft) Md (kip-ft)
Al-1c
12.0
19.82
8.58
Al-3c
8.07
15.11
3.61
ST-6
228.27
186.38
87.21
ST-12
131.03
170.16
79.33
FD-1
109.95
218.10
39.08
FD-2
97.62
90.70
110.16
and A.4. The computed values are employed to compute (Md ), using Equation (A.6). The three
computed capacities are shown in Tables 3.3 and 3.4.
It should be noted that during the computation of these capacities, the effects of the access port
were neglected to simplify the calculation. Also, the material properties (i.e. modulus of elasticity,
the yielding stress, and the ultimate stress) were used the same for dented and undented sections.
For the undented sections, the repair systems were effectively restoring the original capacity for Al1c, Al-3c, and FD-1, in addition in achieving the predicted theoretical design capacities. While,
they were achieved more than 89% of the original capacities for ST-12 and FD-2. For ST-6,
the repair system was not that effective because of the usage of insufficient amount of it. For
the dented sections, the repair systems were active in repairing and strengthening these sections
because they achieved the estimated designed capacities, except FD-2. These results demonstrate
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the aforementioned experimental results because all the poles did not fail at the dented area, except
FD-2.
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CHAPTER 4: FATIGUE DESIGN OF CANTILEVERED SIGN
STRUCTURES

This section presents the design criteria for highway sign and signal structures against fatigue
stresses, according to American Association of State Highway and Transportation Officials (AASHTO),
as well as the role of FRP composite in strengthening these structures. Three of these structures,
which were dented and repaired with several externally-bonded FRP composite systems, were
tested to determine their fatigue behavior, experimentally.

4.1

Design Criteria

Sign and signal structures are widely used in main streets and highways to control traffic and
pedestrian movement and give road information and directions. These structures are exposed to
wind-induced and traffic-induced vibration and fatigue because of their flexibility, which depends
on the length, height, thickness, mast arm and signal mass, etc. As a result of the cumulative
vibrations over the service life, different parts of these structures are prone to fatigue cracking. In
AASHTO, two approaches are determined, which are nominal stress (or global stress) and effective
notch stress (or local stress) to assess the behavior of these structures under fatigue stresses. These
methods are shown in Figure 4.1. The nominal stress is the linear part of the stress distribution
excluding the joint geometries, while the notch stress refers to the structural stress at the critical
point in the structure where the fatigue crack is expected to occur, which is usually at the weld
toe [11]. The following sections present these two methods.

35

Figure 4.1: Stress distribution across plate thickness and along the surface near the weld toe.

4.1.1

Nominal Stress Approach

The renowned and simplest method to estimate the fatigue life of metal is nominal stress [2]. Using
the concept of strength of materials, the nominal stress can be derived depending on applied load
and nominal section properties taking in to consideration the changes in the geometries, which
might affect the nominal stress. For welded joints made of steel or aluminum, the nominal stress
can be calculated using the following formula:

σnA = (

NE 1/3
) σnAE
N

(4.1)

where σnA is the nominal stress amplitude, N is the number of cycles, σnAE is the constant amplitude, and NE is 107 cycles [22]. In Equation (4.1), N has to be less than or equal to NE . For
certain types of connections, standard curves of constant cyclic stress amplitude, which is denoted
by S vs. number of cycles, which is denoted by N are existing in most of the design codes to
compare the real results with them. In these curves, the abscissa is usually plotted logarithmically.
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In case of intricate geometries for which a nominal stress is hard to determine or fatigue design of
connection details is not available in the design codes, this method becomes hard to implement.

4.1.2

Local Stress (Notch Stress) Approach

In structural components, stress raisers or notches, resulting from geometrical discontinuities, like
holes, joints and defects from welds, cannot be disregarded. The fatigue strength of a section
mainly depends on its stress concentration and stress reduction by notches [22]. At these critical
points, the computed highest elastic stress is considered as the basis of this approach. The most
striking feature of this method is the evaluation of the microsupport action at the critical parts (i.e.,
sharp toe and root notches) of the welded joints depending on the Neuber microstructural support
assumption. In the cross sectional model, a sharp notch has to be imaginarily rounded to obtain the
fatigue effective maximum notch stress, resulting in the possible fatigue notch factor of the welded
joint by reference to the nominal stress. The imaginary notch radius ρf can be calculated from the
following relation:
ρf = ρ + sρ∗

(4.2)

where ρ is the real notch radius and assumed at the worst case, which is 0, ρ∗ is the material
constant and assumed 0.4 mm, and s is the multi-axiality coefficient, which is given as 2.5 for steel
members. In this case, ρf is 1.0 mm, as shown in Figure 4.2 [2, 22].
This method is applicable only with Finite Element Method (FEM). AASHTO 2013 [1] has special
requirements that have to be met, like the model has to be large enough to neglect the effect of the
load and boundary condition assumptions on the calculated results. The mesh has to be reduced
integration 20-node solid isoparametric elements, which is considered as a standard element type
for stress analysis. Moreover, the tube mesh size has to be (t × t), where t is the thickness of the
tube, and it has to have at least three rows of elements in front of the weld toe and two elements
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(a)

(b)

Figure 4.2: Neuber’s micro-support concept in welded joint [2].

have to be used in the thickness direction. The accuracy of the results depends on mesh density
at the required area having the maximum stress at the point of stress concentration, as well as the
element organization.

4.2

Strengthening Steel Structures With FRP

The significance of using FRP to strengthen steel elements is their ability to improve the fatigue
life [12]. The excellent results obtained from strengthening different steel elements with FRP were
because of the easiness of achieving bond length longer than effective bond length (Le ). Moreover,
it was proved experimentally by Liu et al. [17] that the fatigue life of strengthened steel elements
increased with the bond length until the achievement of Le and any further increase in bond length
didn’t further affect the fatigue life. The situation is the opposite for steel joints because the bond
length of FRP is restricted. As a result, the adhesive should be selected carefully to minimize the
effective bond length. At a crack tip, the stress intensity factor (SIF) is well known, which is used
38

to describe the stress state, resulting from applied loads and (or) residual stresses. To increase the
post-crack fatigue life, SIF has to be reduced. The expectation of using a stiffer FRP lamina or a
stiffer adhesive might help to minimize SIF. Debonding failure mode close to the crack tip helps
to increase SIF, which affects the strengthened member [29].

4.3

Application of Externally-Bonded FRP to Steel Sign Structures

A portion of the experimental program of the project was testing 3 steel specimens (ST-7, ST-10,
and ST-11) to examine the behavior of the FRP composite systems under cyclic loading. The
test included 11 ft long steel poles with different shapes, which were dented to different depth,
mechanically. These poles were repaired with different repair systems. The test was done using a
cantilever configuration, as shown in Figure 3.1. The pole base plate was attached to the buttress
through 1 in thick plate, using partial penetration groove welding (PJP) and the plate was connected
to the buttress, using six bolts 1 in diameter. In addition to the welding, the pole base plate was
bolted directly to the buttress through the existing bolt holes, using two bolts at the top and bottom
of the base plate. The dent face was representing the bottom face of the pole, and a load was
applied vertically as a point load at 9 ft from the base plate. The deformation of the pole during
the test was monitored using six displacement gauges placed beneath the pole at specific locations.
In addition, several strain gauges were installed on the pole body to monitor the pole behavior as
well as the repair system. The displacement and the strain were recorded, using six displacement
gauges, which were placed under the pole at specific locations, and numbers of strain gauges,
which were attached to the pole body and the FRP. Also, the rotation of the pole was observed
through employing 4 LVDTs, which were placed on the pole’s base plate. At the tip of the pole,
a vertical stiffener was welded inside the pole to prevent any possible deformation during the test.
The actuator was bolted to a set of three plates welded together to provide a continuous push/pull
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force without slip. The frequency of applying the load was (1.5-2.5) Hz. The load was applied in
two stages; First, constant load amplitude was used with a desired 2 million fully reversed cycles.
Depending on the available information about the type of the connection and pole geometry, the
stress level corresponding to the load amplitude was selected. In the case of no failure, the second
stage of loading began. In this stage, the desired number of cycles was 1000 for each of AASHTO
fatigue categories (A = 24 ksi, B = 16 ksi, B’ or C’ = 12 ksi, C = 10 ksi, D = 7 ksi, E = 4.5 ksi, E’ =
2.6 ksi). In the event of no failure, the next category would start and so on until the failure. If all the
categories had been performed and the pole did not fail, the pole would be loaded monotonically
until the failure. The layout of the strain and displacement gauges of the three poles is shown in
Figure 4.3.
These poles were dented to a depth ranging 16-21% of their undented diameter. ST-7 had the lowest
dent percentage, while ST-10 had the highest dent percentage. ST-11 had 19% of its undented
diameter. These specimens had 0.25 in as a wall thickness and the thickness of their base plate was
2.5625, 1.75, and 2.25 in for ST-7, ST-10, and ST-11, respectively. ST-7 did not have an access
port, while ST-10 and ST-11 had an access port and their dent was located at 90◦ from it. ST-7 and
ST-10 were repaired with basalt and glass laminate with PU matrix, respectively, while ST-11 was
repaired with a glass lamina with epoxy matrix.

4.3.1

ST-7 Test Results

The pole was tested successfully to 2 million cycles of a stress amplitude 4.5 ksi. In this stage,
no failure for neither the pole nor the FRP repair system was recorded. The second stage was
commenced, starting with categories D - A, achieving 1000 cycles in each category. At the end of
category A, the pole didn’t fail, therefore, it was loaded monotonically until failure. The test results
of the pole are shown in Figure 4.4. The failure modes for both fatigue and monotonic are shown
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Figure 4.3: Sensor layout diagram for cyclic poles.

in Figure 4.5. It can be seen that there is some jump in the strain at the bottom face of steel close
to the joint, which explains that there was some movement of the strain gauge at that location. At
the top of the pole and close to the welding, the FRP was cut to monitor the development of the
crack in the welding, as shown in Figures 4.5a and 4.5b. Generally, the behavior of FRP during the
fatigue test was almost constant. After loading the pole monotonically, the FRP failed because of
debonding the composite system from the metal surface and FRP rupture, as shown in Figures 4.5c
and 4.5d.
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(a) Microstrain vs. number of cycles.

(b) Displacement vs. number of cycles.

Figure 4.4: ST-7 (test data).

4.3.2

ST-10 Test Results

This pole was loaded according to category B , but it failed earlier due to crack propagation at
the welding area, as shown in Figure 4.6a and the number of cycles at failure was 1500 full reversed cycles. On the other hand, there was no reported failure in the repair system, as shown in
Figure 4.6b.
Depending on nominal stress approach, which is previously discussed in 4.1.1 in addition to the
pole geometry, the predicted number of cycles was 95,215, which is determined from the following
formula:
1

N 3
(4F )l = ( )
A

(4.3)

where 4F is the local fatigue resistance in ksi, A is the finite life constant based on the geometry
and weld type (ksi3 ) according to AASHTO 2013, and N is the number of cycles. The notch stress
approach, which is discussed in 4.1.2 was modeled in ABAQUS into two methods of assessments;
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(a)

(b)

(c)

(d)

Figure 4.5: ST-7 failure (test pictures).

(a)

(b)

Figure 4.6: ST-10 failure (test picture).
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(b) Infinite life assessment.
(a) Finite life assessment.

(c) Notch area.

Figure 4.7: Infinite life assessment.

First, finite life, which is used to evaluate the remaining fatigue life of the existing structure, is
shown in Figure 4.7a.
√
In this case, the stress, which is located ahead of the weld toe at 0.1 r × t, where r refers to the
outer radius of the pole, and t is the thickness of the pole should be used to design as the local
stress. Using Equation (4.3), the calculated cycles are 72,770. The second assessment is infinite
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(a)

(b)

Figure 4.8: ST-11 failure ( test pictures ).

life, which is employed to design the welded joints against cracks and fracture, in spite of the
service life, and this is shown in Figure 4.7. The stress, which has to be used in calculating the
infinite life, located at the center of the rounded notch, whose radius is 0.04 in, is introduced at
the toe of the nominal weld geometry. As a result, the calculated number of cycles is 11,902.
Although this pole was loaded over the threshold for infinite fatigue life based on the nominal
stress approach, the repair system, as well as the pole, did not have excessive deformation.

4.3.3

ST-11 Test Results

The pole was tested successfully to 2 million cycles of a constant amplitude at a stress level of 4.5
ksi (category E). After the end of the first stage, the pole did not fail and started loading the second
stage, that commenced from a category D and failed at a category A. The pole failed because of
crack propagation at the weld joint, while the FRP composite was undamaged, as illustrated in
Figure 4.8. The test results are shown in Figure 4.9.
It can be inferred from the results that there was some jump in steel strain in the tensile face of
section CC’, which refers to the local deformation at this place. Also, it was observed there was
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(a) Displacement vs. number of cycles.

(b) Microstrain vs. number of cycles.

Figure 4.9: ST-11 (test data).

some rotation in the base plate connection, as illustrated in Figure 4.9.

4.4

Results Summary

After the presentation of the poles and their results, it can be inferred from the pole behaviors
that the dent depth and base plate thickness have a drastic influence on the stress behavior in these
poles. ST-7 showed the highest fatigue life because it had a thick base plate, resulting in no rotation
during the test, although it was loaded cyclically and monotonically. It had the lowest percentage
of the damage. ST-10 was the worst pole for both factors. The existence of the access ports and
discontinuous in the repair system, which represents a stress raiser, are another important points,
which affected the behavior of the repaired poles. In pole ST-11, the strain before the access port
was higher than the strain after it because it helped to increase SIF at that location, as shown in
Figures 4.10a and 4.10b. Moreover, the repair system of ST-7 was fully engaged in strengthening
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(a)

(b)

Figure 4.10: Access port effect on ST-11 behavior.

the pole because there was no recorded failure, except close to the tip of the crack until the pole
was monotonically loaded. Also, the repair systems of ST-10 and ST-11 behaved very well during
the test, although the first one failed early.
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CHAPTER 5: DYNAMIC EVALUATION OF REPAIRED
CANTILEVERED SIGN STRUCTURES

To complete a series of full-scale tests conducted on the repaired sign and signal structures, there
is a necessity to study the impact response of the repair system under impact loading, especially
the low speed test. This test is considered the most critical one because the pole develops internal
damage that may reduce the strength and life of the composite systems.

5.1

Test Configuration

To evaluate the behavior of the composite systems under impact loading, two dented steel poles,
which are denoted by IM-1 and IM-2, were filled and repaired with two different composite systems (basalt-PU and glass-epoxy). These two poles were rounded and multi-sided cross sections,
tapered, and had an access port. IM-1 was dented in the field and its dent depth was 13% of its
undented diameter, while IM-2 was dented in the laboratory and its dent depth was 28% of its
undented diameter. The poles were mounted vertically, using a cantilever configuration, which is
shown in Figure 5.1.
The test configuration consists of two main parts, which are the pole setup and the impactor. The
pole base plate was welded to a 1 in thick steel plate, which was connected to a W steel section
through four bolts of 1 in diameter. The W steel section was connected to the pedestal foundation.
To provide more stability during the test, the pole base plate was bolted directly to the steel section
(through the 1 in steel plate) using 2 additional bolts of a 1 in diameter with a plate washer on the
impact side of the pole. Also, the steel section was stiffened with additional transverse stiffeners
because IM-2’s base plate was larger than the top flange of the steel section.
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Figure 5.1: Test configuration.

The impactor was a pendulum of a weight 1100 kg, which had been designed according to AASHTO
Manual for Assessing Safety Hardware (MASH). This pendulum was in use to perform the pendulum impact test, which was done by University of Florida in 2012 and 2013 [5, 6]. It was formed
from a mass block and a crushable nose that consisted of several pieces of aluminum honeycomb
of rectangular, pentagonal, and trapezoidal shapes, in addition to their different crush strength.
The crushable nose, as well as the aluminum honeycomb cartridges, is shown in Figure 5.2. These
pieces were arranged in a way that the low strength pieces would be used at the head of the pendulum to represent the front vehicle bumper. In this way, the impact would allow these pieces to
deform, gradually.
To monitor the behavior during the test, different instruments were used; First, two tape switches
with a length of 18 and 24 in and 3/16 in thick . These were used to detect contact because they
are sensors that close an electrical circuit, when compressed. Additionally, the dynamic response
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(a) Rectangular cartridges.

(b) Pentagonal cartridges.

(c) Trapezoidal cartridges.

(d) The arrangement of the cartridges.

Figure 5.2: The crushable nose [6].

of the test article would not be altered. Second, accelerometers with different measurement ranges
were located on the impactor to measure the acceleration during the test. Next, two high-speed
digital video cameras were oriented toward the test article and were related to the tape switches to
enable qualitative details about the contact area, the compression of the honeycomb, and the initial
movement of the article [5].
During the test, the data were sampled at a rate of 10 kHz to supply sufficient data collection
during the impact event. On the pole body, different numbers of accelerometers and strain gauges
were installed to measure the acceleration, as well as the strain behavior of the pole and composite
systems, during the test. These poles are shown in Figure 5.3.
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Figure 5.3: Test specimens.

5.2

Results

The test was performed by dropping the pendulum from a height of 12 ft (3.658) m and centered at
22 in from the base plate. The pendulum speed was 30.4 km/hr (18.89) mph, during the test. The
following sections present the results of the tested poles, individually.
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5.2.1

Pole IM-1

This pole was deformed in both compressive (impact) side and tensile (opposite of the impact) side
of the pole. The FRP ruptured at the location of the impact because of the high stresses, resulting
from the impact. On the other hand, the steel deformed at the location of the access port because of
high bending stresses, and the FRP ruptured on the transverse side of the pole. The failure modes
and the strain gauge readings at section BB’ (the location of impact) at the moment of impact are
shown in Figures 5.4 and 5.5. Furthermore, the pole acceleration data at the impact instant are
shown in Figure 5.6. It can be inferred from the high steel strain in the transverse direction that
this location was deformed. It can be inferred from the acceleration data that accelerometer A2,
which was located at the impact location, had the highest acceleration during the test. Also, the
acceleration got decreased with the pole’s height increased because some energy absorbed by the
pole.
Experimentally, there were four channels and four possible mode shapes because there were four
accelerometers on the pole. The experimental mode shapes and the frequencies were estimated,
using ARTeMIS modal analysis software. The acceleration readings from the test were used as
input data in the software to be analyzed. On the other hand, the theoretical dynamic parameters
were obtained, using the distributed mass and elasticity theory. The whole equations of the aforementioned theory are available in [4]. The experimental mode shape (E) and the theoretical mode
shape (E) are shown in Figure 5.7 along with the experimental frequency (Ef ) and the theoretical
frequency (Tf ).
At the impact moment, there was some movement for the foundation, which affected the first
accelerometer that located at the base of the pole. During the theoretical computation, the pole
was assumed to be prismatic, while in fact they were not, as mentioned previously. Also, they
might have different wall thickness. Consequently, some differences can be seen between the
52

(a)
(b)

Figure 5.4: IM-1 failure mode (test pictures).

frequencies’ values.

5.2.2

Pole IM-2

The test ended with no visible failure for the repair system, while there was some expansion in
the cross section of the pole, as shown in Figure 5.8a. After taking off the repair system at the
impact location, it was found that the filler material was cracked, delaminated from the FRP and
the substrate, and fractured, as shown in Figures 5.8b and 5.8c. The pole acceleration data at the
impact moment are shown in Figure 5.9. Moreover, the strain data of section BB’ (the location
of impact) at the impact event are shown in Figure 5.10. The acceleration was very high at the
location of impact, if it is compared to the previous pole for the same location. The difference
between A3 and A4, which was located at the tip of the pole, was very large, because A4 was not
53

Figure 5.5: IM-1 strain data.

working probably during the test. The strain data at the impact cross section showed very high
transverse steel strain, comparing to the other strain gauges on the same section, which ensured the
deformation of the pole, transversely.
In the same way, IM-2 dynamic parameters were computed and shown in Figure 5.11. It can be
seen that the mode shapes are different because of A4, as mentioned. Also, the pole was assumed
to have a rounded cross section and prismatic, and no access port.

5.3

Two-Degree of Freedom System

A spring model with two-degrees of freedom (2-DOF) system, as shown in Figure 5.12, is proposed
as a simplified representation of the impact experiment.
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(a) A1.

(b) A2.

(c) A3.

(d) A4.

Figure 5.6: IM-1 acceleration data.

In this model, the impact block mass (M2 = 6.28 lb-sec2 /in) is connected to the pole mass (M1 =
1.57 lb-sec2 /in). The pole mass was computed from the pole geometry, assuming the steel density,
neglecting the access port, and the repair system. This mass was generalized, using the principal of
orthogonality of natural modes, to get the mass of the pole at the location of impact. These natural
modes were computed previously, using the distributed mass and elasticity theory. The following
relation can be applied to get the generalized mass.
M 1generalized = [Φ]T M1 [Φ]
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(5.1)

(a) Ef (5.12), Tf (5.3) Hz

(b) Ef (33.94), Tf (33.2) Hz

(c) Ef (95.5), Tf (93) Hz

(d) Ef (179.9), Tf (182.3) Hz

Figure 5.7: IM-1 dynamic parameters.

where [Φ] are the normalized mode shapes and [ΦT ] is the transpose normalized mode shapes.
M 1generalized will be used to get the stiffness at the location of impact, as it will be explained,
shortly.
The impactor was connected to the pole mass through the crushable nose, which can be represented
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(b)

(a)

(c)

Figure 5.8: IM-2 failure modes (test pictures).
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(a) A1.

(b) A2.

(c) A3.

(d) A4.

Figure 5.9: IM-2 acceleration data.

by the spring (S2 ). Because of the nonlinear behavior of the crushable nose during the University
of Florida test, the initial stiffness (ki ) of S2 can be obtained from the force-displacement curve,
which can be seen in Figure 5.13 [6]. M1,generalized is connected to the pole base plate, using another
spring (S1 ). The stiffness of the last spring can be estimated from the following relation:
K = M1,generalized ω 2

(5.2)

where ω is a scalar and represents the natural frequency, which was calculated from the distributed
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Figure 5.10: IM-2 strain data.

mass and elasticity theory. These two masses were connected to two dampers (D1 and D2), respectively. The assumed damping coefficient values for these dampers (ζ) were 2% and 4%, respectively. Based on the explanation, the general equation of motion can be constructed, as following:

 
[m] (ü) + [c] (u̇) + [fs ] (u, u̇) = p(t)

(5.3)

where m is the mass matrix, c is the damping matrix, which can be formed using Rayleigh damping
matrix, as explained in [4]. Moreover, fs is the resisting force. While u̇ and ü are the first and
second derivatives for the displacement vector u, respectively. The solution of Equation (5.3)
was done numerically, using the average acceleration method, gathered with the modified Newton
Raphson method for multi-degree of freedom system [4]. This system was analyzed to get the
acceleration. After the instant of impact, the acceleration of the free vibration of the pole (at the
location of impact, A3) and the free vibration of the pendulum (the accelerometer’s location was
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(a) Ef (8.73), Tf (9.77) Hz

(b) Ef (54.7), Tf (66.7) Hz

(c) Ef (153.2), Tf (151.4) Hz

(d) Ef (300.2), Tf (305.99) Hz

Figure 5.11: IM-2 dynamic parameters.

close to the crushable nose) can be compared to the free vibration of the spring model, as shown in
Figure 5.14 and Figure 5.15, respectively. Although the actual response shapes are different from
the estimated response shape, they are close in values.
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Figure 5.12: 2-DOF spring model.

Figure 5.13: Force vs. displacement curve for the crushable nose [6].

5.4

Impact Energy

The total kinetic energy (before the instant of impact) can be estimated from the following equation:
1
Ek = mV 2
2
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(5.4)

Figure 5.14: The free vibration of the spring model and the pole.

where Ek is the maximum energy in the pendulum in kN.m, m is the pendulum mass in kg, and
V is the pendulum velocity before the impact event in m/sec. With 1100 kg and 8.5 m/sec, the
total energy is 39.74 kN.m. The absorbed energy can be calculated by computing the area under
the stress-strain curve, which is shown in Figure 5.16. The area under the curve consists of the
recoverable (elastic) and irrecoverable (yielding) energies. Usually, the elastic strain energy for
the aluminum honeycomb is very small, which can be computed by calculating the area under
the elastic region in the stress-strain curve. On the other hand, the irrecoverable strain energy has
higher percentage in absorbing the energy.
In the test, the crushable nose consisted of seven pieces of aluminum honeycomb with height of
3.25 in for each piece. After the impact, the first five pieces were damaged totally because they had
low strength, while the last two pieces had an initial damage because their strength was high, as
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Figure 5.15: The free vibration of the spring model and the pendulum.

shown in Figure 5.17. The total change in the crushable nose length was around 60% of the total
length, and their volume was around 0.027 m3 . Through using Figure 5.16, the following equation
can be computed.


Z
U0 =

σd

(5.5)

0

where U0 is the strain energy density, which is equal to 574.57 kN.m2 . As a result, the strain energy
can be computed from the following relation:
Z
U=

U0 dV
V

Thus, the total strain energy, which was absorbed by the deformed pieces, is 15.5 kN.m.
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(5.6)

Figure 5.16: The crushable nose equivalent energy curve [6].

5.5

Results Summary

In this chapter, two aspects were discussed; First, the behavior of FRP under dynamic loading,
which was applied by impact. Second, the equivalent spring model. IM-1 was deformed in the
impact side and the free side of the pole, while IM-2 was deformed in the impact side. The stress,
which was accumulated around the area of the access port because of the wrap discontinuities
close to the access port, led to deform that area. The compressive repair system for IM-2 was
active in transferring the load in the pole because there was no visible failure for the repair system.
Although the differences in the response of the pole and the spring model, the results for both the
acceleration and the dissipated energy were positive.
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(a) Before the impact.

(b) After the impact.

(c) The head of the crushable nose (after the impact).

Figure 5.17: The crushable nose before and after the impact.
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CHAPTER 6: CONCLUSION

This thesis presented experimental and analytical investigations conducted on repaired metallic
utility poles, using externally bonded FRP composites. These composite systems consisted of
fibers, matrix, and filler material. Steel and aluminum poles, which were dented in the field or
in the laboratory, were repaired and prepared for the tests. Three different types of loading were
performed; monotonic, fatigue, and impact. The experimental results of the monotoinc test were
compared with the predicated sectional moments. Additionally, the impact results were compared
with an equivalent spring model.
Based on experimental results, it is found that the discontinuities in the pole’s geometry, like the
existence of the access ports, had a significant effect on the behavior of the repaired poles. During
monotonic testing, buckling failure was observed in ST-6 and FD-2 poles, which had a large access
port. In the fatigue tests, the effect of the access port was clear in pole ST-11 because it led to
increase the stress before the access port, rather than after it. In the impact test, the failure in steel
was located at the location of impact and a small deformation happened in the free side at the
location of the access port. The influence of base plate thickness and the pole’s body thickness
effects were noticed in pole ST-7 because it had the longest fatigue life.
Four repair systems were in use to repair the poles with different substrates. For aluminum substrate, the poles were failed at the beginning of the test, which indicates that the used materials
were stronger than the poles. Although they had different geometries and dent depth, they failed
at the same locations. On the other hand, the steel poles failed because of steel yielding and that
depended on the pole condition. Generally, the repair systems failed by debonding, buckling, and
rupturing.
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6.1

Recommendation

According to the behavior of the repaired poles, some recommendations are made. The used
materials were highly effective in restoring the damaged area, but it has to take in to consideration
the difference in metal substrate type because the pole might fail without any prior sign of failure.
The existence of an access port led to portion the repair system into several pieces and an overlap
will be on some area within the wrapped region. Also, the transverse wrap will not be continuous.
In this way, the stress distribution will be affected. If the access port has large lips, provide more
transverse pieces or use a large piece to cover much area as possible.
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APPENDIX A: DESIGN CAPACITY OF REPAIRED POLES WITH FRP

68

This appendix was created to have the information and the equations, which were mentioned in
the text and used to compute the theoretical design capacities for the wrap systems, in details. The
following table is showing the geometries of the poles, as well as their maximum applied load
during the test.
Table A.1: Pole Geometry and Material Properties
Pole-ID do (in)
Al-1c
8.3
Al-3c
8.0
ST-6
20.25
ST-12
16.56
FD-1
16.125
FD-2
14.25

t (in)
0.1875
0.1875
0.1875
0.25
0.1875
0.1875

p (kips) σy (ksi) E (ksi)
2.58
23.0
8380
2.021
23.0
8380
24.3
70.7
29000
23.31
54.89 29000
29.96
54.8
29000
12.03
49.24 29000

di (in)
7.925
7.625
19.875
19.875
15.75
13.875

The following equations were used to predict the design capacity of externally bonded FRP for
undented sections. The modular ratio β can be calculated from the following relation:

β=

E
E cs

(A.1)

where Ecs is the young modulus of the composite, which is 3372000 psi for glass- PU, 1208000
psi for basalt-PU, 1497000 psi for glass-epoxy, and 3261000 psi for basalt-epoxy [14, 27]. The
percentage of the fiber strength efficiency relative to the metal αm is estimated from the following
equation:
(cs)

αm =
(cs)

where σu

0.19σu
σy

(A.2)

is the ultimate tensile stress of the FRP sheet and assumed 652669.82 psi for basalt

and 500380.20 psi for glass. The equivalent thickness of the composite section is calculated from
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the following equation:
m

t(cs)
es

1 X cs
=
β
t
αm j=1 j

(A.3)

where j refers to the number of FRP layers and m refers to the total of FRP layers. The assumed
thickness of the FRP layer is 0.07 in. The diameter of the equivalent metal poles des is estimated
from the following equation:
des = do + 2t(cs)
es

(A.4)

(cs)

where tes is the thickness of the supplanted area from FRP to metal. The total thickness of the
metal with the repair system tes is computed from the following equation:
tes = t + t(cs)
es

(A.5)

The design capacity for the composite section can be computed from:

Md = (0.97 +

d3es
tes
[1 − (1 − 2 )3 ])σy
des
des
( tes )( 250 ) 6
16

σys

)(

(A.6)

where Md is the design capacity in k.ft. Based on the mentioned equations and values, Table A.2
can be organized.
Table A.2: Undented Sections Design Moment
Pole-ID
Al-1c
Al-3c
ST-6
ST-12
FD-1
FD-2

β
0.179
0.144
0.116
0.042
0.116
0.112

αm
4.133
5.391
1.344
2.26
1.733
2.52

tcs
es (in)
0.00303
0.00187
0.00605
0.00258
0.00469
0.00313
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des (in) tes (in) Md (k.ft)
8.31
0.191
23.43
8.00
0.189
21.59
20.26 0.194 445.74
16.57 0.253 298.58
16.13 0.192 216.69
14.26 0.191 150.29

The following equations were used to determine the equivalent section for the metal and the filler
material, which has 685 psi as yield stress and 79200 psi as modulus of elasticity [14]. The equivalent modulus of elasticity Eeq is calculated from the following equation:

Eeq =

(AE)f iller + (AE)metal
Af iller + Ametal

(A.7)

where Eeq is in psi [15]. A is a symbol, which refers to the area for the dent that filled with the
filler material and the area of metal in in2 . Using the modular ratio (n), which is

Ef iller
Emetal

to get the

equivalent filler materials, and it is estimated from the following relation:

teq =

(dd × n) + 2t
2

(A.8)

where teq is the equivalent thickness of the filled dent and the pole in inches. The equivalent yield
stress for both pole metal and filler material σeq can be determined from the following equation:

σeq =

(Aσ)f iller + (Aσ)metal
Af iller + Ametal

(A.9)

where σeq is in psi. Based on previous equations, Table A.3 for the equivalent section of the pole
and dent filler can be constructed.
Table A.3: Pole - Dent Filler Equivalent Section
Pole-ID
Al-1c
Al-3c
ST-6
ST-12
FD-1
FD-2

n
Eeq (psi)
0.009 4517817.687
0.009 2736838.5
0.003 8417541.69
0.003 13340515.83
0.003 7773801.71
0.003 24565765.35
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teq (in)
0.195
0.199
0.193
0.255
0.192
0.189

σeq (psi)
12608.087
7829.516
20870.984
25540.11
15090.348
41815.54

The equivalent section of the equivalent pole and FRP can be found using the Equation (A.1) to
Equation (A.6). Based on the computed results, Table A.4 can be found.
Table A.4: Dented Sections Design Moment
Pole-ID
Al-1c
Al-3c
ST-6
ST-12
FD-1
FD-2

β
0.33
0.44
0.4
0.09
0.43
0.13

αm
7.540
15.838
4.555
4.86
6.300
2.97

tcs
es (in)
0.0031
0.002
0.0062
0.0026
0.0048
0.0031
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des (in) tes (in) Md (k.ft)
6.81
0.191
8.58
5.63
0.189
3.61
16.51 0.194
87.21
12.57 0.253
79.33
13.07 0.192
39.08
13.26 0.191 110.16
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